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Differences between Somatic and Dendritic
Inhibition in the Hippocampus
Richard Miles,* Katalin ToÂ th,*² Attila I. GulyaÂ s,*² 1993). This diversity suggests that perisomatic and den-
dritic inhibitory cells may have different functional rolesNorbert HaÂ jos,² and Tamas F. Freund²
*Laboratoire de Neurobiologie Cellulaire in the hippocampus.
When inhibitory cells release GABA, postsynapticInstitut Pasteur
25 rue de Dr. Roux membrane potential moves toward the equilibrium for
the channels opened by GABA receptor activation. This75724 Paris
France may have multiple functional actions on postsynaptic
pyramidal cells. For instance, inhibitory postsynaptic²Institute of Experimental Medicine
Hungarian Academy of Sciences potentials (IPSPs) impinging on postsynaptic dendrites
may act to limit the effects of afferent excitatory post-H-1450 Budapest
Hungary synaptic potentials (EPSPs) that impinge locally (Llinas
and Nicholson, 1971). Such a selective role seems un-
likely for perisomatic inhibition in the hippocampus
since excitatory fibers rarely terminate somatically. Al-Summary
ternatively, synaptic inhibition might control postsynap-
tic electrogenesis. Thus, perisomatic inhibitory syn-Hippocampal synaptic inhibition is mediated by dis-
apses have been suggested to be strategically situatedtinct groups of inhibitory cells. Some contact pyrami-
to control the generation of sodium-dependent actiondal cells perisomatically, while others terminate exclu-
potentials. By analogy, dendritic inhibition could modifysively on their dendrites. We examined perisomatic
dendritic electrogenesis.and dendritic inhibition by recording from CA3 inhibi-
In the present work, we examined differences be-tory and pyramidal cells and injecting biocytin to visu-
tween inhibitory cells whose terminals contact pyrami-alize both cells in light and electron microscopy. Single
dal cell somata and those that form synapses with pyra-perisomatic inhibitory cells made 2±6 terminals clus-
midal cell dendrites. Dual recordings were made fromtered around the soma and proximal pyramidal cell
pre- and postsynaptic cells to determine the actions ofprocesses. Dendritic cells established 5±17 terminals,
single inhibitory cells on target pyramidal cells. Re-usually on different dendrites of a pyramidal cell. Peri-
corded cells were filled with biocytin so that somaticallysomatic terminals were larger than those facing den-
and dendritically projecting inhibitory cells could be dis-dritic membrane. Perisomatic inhibitory cells initiated
tinguished morphologically. Using light and electron mi-the majority of simultaneous IPSPs seen in nearby
croscopy, we searched for differences in the number,pyramidal cells. Single IPSPs initiated by perisomatic
size, and location of terminals underlying physiologicallyinhibitory cells could suppress repetitive discharge of
characterized somatic and dendritic inhibitory synapticsodium-dependent action potentials. Activation of
interactions. Furthermore, we examined interactions be-inhibitory fibers terminating on dendrites could sup-
tween somatic or dendritic inhibitory events and activepress calcium-dependent spikes. Thus, distinct inhibi-
responses initiated by depolarizing a postsynaptic pyra-tory cells may differentially control dendritic electro-
midal cell. We found that IPSPs initiated by somaticgenesis and axonal output of hippocampal pyramidal
inhibitory cells could suppress repetitive generation ofcells.
sodium-dependent action potentials. In contrast, den-
dritic IPSPs were more effective than somatic IPSPs inIntroduction
suppressing dendritically generated calcium-depen-
dent action potentials.Neuronal computations in the hippocampus result from
interactions among a large number of pyramidal cells
and a smaller number of inhibitory cells that release the Results
transmitter g-aminobutyric acid (GABA). The properties
of hippocampal inhibitory cells appear to be diverse. Correlated Morphology and Physiology
of Perisomatic and DendriticAnatomical variability, especially in zones of axonal ar-
borization, has been apparent since the work of Ramon Inhibitory Interactions
We used electrodes containing biocytin to record fromy Cajal (1911). Different inhibitory cells form synaptic
contacts with specific regions on the membrane of all CA3 inhibitory cells in guinea pig hippocampal slices so
that we could distinguish morphologically between cellsthe pyramidal cells that they innervate (GulyaÂs et al.,
1993; Han et al., 1993; Buhl et al., 1994; Maccaferri and that innervated pyramidal cell dendrites and those that
contacted perisomatic regions. Axonal morphology wasMcBain, 1995). Basket (Blackstad and Flood, 1963)
and axo-axonic (Somogyi et al., 1983) cells innervate revealed for 25 cells whose somata were located within
or close to stratum pyramidale. Of these cells, 17 wereperisomatic regions, whereas other inhibitory neurons
terminate entirely on pyramidal cell dendrites. The post- classed as perisomatic (Figure 1). Their axonal arboriza-
tion was largely limited to stratum pyramidale, the zonesynaptic actions of perisomatic and dendritically terminat-
ing inhibitory cells (Alger and Nicoll, 1982; Pearce, 1993) occupied by pyramidal cell bodies. These cells thus
included basket cells as well as axo-axonic cells. Axonsappear to be different as does the control of GABA
liberation from their terminals (Lambert and Wilson, of the other eight inhibitory cells arborized largely in
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Figure 1. Morphological Substrate of Periso-
matic Inhibition
(A) An inhibitory cell action potential and an
average of 80 IPSPs that it initiated in a pyra-
midal cell.
(B) Morphology showed that the inhibitory
cell formed three synaptic contacts (arrows)
on the soma and proximal dendrites of the
pyramidal cell.
(C) A complete reconstruction of the inhibi-
tory cell dendrites (in blue) and axonal arbori-
zation (in black) as well as the pyramidal cell
dendrites (in red).
The scale bars represent 20 mm in (B) and
100 mm in (C).
zones occupied by pyramidal cell dendrites, either api- were followed by a large after-hyperpolarization with an
amplitude of 10 6 4 mV.cal or basilar or both (Figure 2). The axons of dendritic
inhibitory cells sometimes crossed stratum pyramidale Postsynaptic actions of perisomatic and dendritic in-
hibitory cells were examined in records obtained fromas in Figure 2B, but the number of terminals per unit
axonal length was invariably reduced in this zone. The monosynaptically coupled pyramidal cells. Our criteria
for the existence of a monosynaptic connection weredischarge patterns of perisomatic and dendritic inhibi-
tory cells were not systematically different. All cells dis- that the IPSP latency from the peak of the presynaptic
action potential should be less than 1.5 ms and that IPSPcharged fast action potentials, with a duration at half-
width of 0.7 6 0.3 ms (mean 6 SD, n 5 25), which transmission should fail rarely, or not at all. According to
Figure 2. Morphological Substrate of Den-
dritic Inhibition
(A) The action potential of an inhibitory cell
and the average of 80 IPSPs that it initiated
in a pyramidal cell.
(B) Morphology showed that the inhibitory
cell axon established contacts exclusively
with distal dendrites of the pyramidal cell.
The arrows mark five synaptic contacts, each
verified by electron microscopy, which were
made on distinct branches of both apical and
basilar dendrites of the postsynaptic cell. The
pyamidal cell is drawn in red and the inhibi-
tory cell in black. The scale bar in (B) repre-
sents 100 mm.
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Figure 3. Ultrastructure of Perisomatic and Dendritic Inhibition
(A) Light micrograph of perisomatic inhibitory cell contacts innervating the pyramidal cell shown in Figure 1. Two of the synapses are visible
here (b1 and b2).
(B) Electron micrograph of the synapse (arrow) established between the bouton b1 (in A) and proximal pyramidal cell dendrite.
(C) Light micrograph of a dendritic inhibitory contact (b1) made onto a distal dendritic spine from the pyramidal cell of Figure 2.
(D) Electron micrograph of this synaptic junction. The arrowhead shows another spine of the same cell in both (C) and (D).
The scale bars in (A) and (C) represent 10 mm, and those in (B) and (D) represent 0.2 mm.
these criteria, ten IPSPs initiated by perisomatic inhibi- Figure 2A shows an averaged IPSP initiated by a den-
tory cells and four IPSPs elicited by dendritic inhibitory dritic inhibitory cell. The morphological substrate of this
cells were monosynaptically evoked. The reversal po- connection consisted of five terminals contacting differ-
tential of these IPSPs varied between 264 and 272 mV, ent apical and basilar dendritic branches of the postsyn-
consistent with them being chlorine-dependent events aptic pyramidal cell at distances of 150±600 mm from its
due to GABA binding at GABAA receptors. We did not soma (Figure 2B). Single presynaptic action potentials
observe a long-latency component of these IPSPs with generated somatic IPSPs with a mean amplitude of 0.4
a more negative reversal potential, which might corre- mV. The mean amplitude of IPSPs evoked by interneu-
spond to activation of GABAB receptors. rons that terminated on dendrites was 1.0 6 0.4 mV
Figure 1 shows the anatomy and physiology of a so- (n 5 4). Dendritic IPSPs were slower than somatic IPSPs,
matic inhibitory interaction. The presynaptic cell was with a time to peak of 7.6 6 2.2 ms and a duration at
a basket cell that formed three perisomatic synapses half-amplitude of 43 6 7 ms. Slower kinetics would be
(confirmed by electron microscopy) on a postsynaptic expected from electrotonic filtering (Rall, 1967), but
pyramidal cell (Figures 3A and 3B). IPSPs initiated by might also result if dendrites express a different molecu-
single presynaptic action potentials fluctuated in ampli- lar species of GABAA receptor (Wisden et al., 1992;
tude with a mean of 1.6 mV. The mean amplitude of Pearce, 1993). In two dendritic inhibitory interactions
IPSPs initiated by cells that made perisomatic contacts
with one stained postsynaptic cell and good ultrastruc-
was 1.2 6 0.5 mV (n 5 10). Their time to peak was 2.8
ture, we identified 5 and 17 (8 equivocal due to biocytin
6 1.0 ms, and their duration at half-amplitude was 27
spillover) synaptic contacts, respectively. The first cell6 11 ms. In six pairs where one postsynaptic pyramidal
made four synapses on spines and one on a shaft, whilecell was unambiguously identified, electron microscopy
the second contacted dendritic shafts exclusively. Den-revealed the presence of two to six synaptic terminals
dritic terminals usually arose from different inhibitoryper connection. There was not a good correlation be-
axon collaterals and contacted different dendritictween the number of synaptic contacts and the mean
branches. In the interaction that involved five terminals,amplitude of the IPSP in the data we obtained from the
5 different dendritic branches were contacted, and thesix interactions: six contacts, 0.6 mV; two contacts, 1.2
17 synapses of the other interaction were made ontomV; three contacts, 0.7 mV; four contacts, 1.5 mV; three
contacts, 1.6 mV; three contacts, 1.6 mV. 15 different dendritic branches.
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Electron microscopy of synaptic contacts (Figure 3) should generate IPSPs synchronously in a large popula-
tion of postsynaptic pyramidal cells. Indeed, dual re-revealed the presence of just a single active zone at
cordings reveal that many IPSPs are simultaneous inboth perisomatic and dendritic junctions. We also noted
nearby CA3 pyramidal cells, even when excitatory syn-that terminals facing perisomatic regions seemed to be
aptic transmission is blocked (Miles, 1990a). The contri-consistently larger than those contacting dendritic
butions of perisomatic and dendritic inhibitory cells tomembrane. To verify this point, we measured a sample
these simultaneous events were assessed in slices pre-of terminals from filled perisomatic and dendritic inhibi-
pared with a cut from their edge to stratum lucidum.tory axons. The maximal cross-sectional area of periso-
Our morphological data (e.g., Figure 1C) predict thatmatic terminals, measured at the light microscopical
such a cut severs all axons of perisomatic inhibitorylevel, was 1.95 6 0.08 mm2 (n 5 70), while that for den-
cells. Pyramidal cells recorded on the same side of thedritic inhibitory terminals was 0.71 6 0.02 mm2 (n 5
cut could receive synchronous IPSPs initiated by activity70). Perisomatic terminals also contained more synaptic
in both perisomatic and dendritic inhibitory cells. In con-vesicles and mitochondria, and their active zones were
trast, simultaneous IPSPs impinging on cells located onlarger than those of dendritic terminals, suggesting per-
opposite sides of such a cut could originate only fromhaps that the probability of release is higher at periso-
inhibitory cells contacting apical dendrites. In ten rec-matic synapses (Atwood and Marin, 1983; Pierce and
ords from pyramidal cells on the same side of the cut,Lewin, 1994).
20%±77% of spontaneous IPSPs detected in one cellDifferences were also evident in the axonal arbors of
were simultaneous within 2 ms with an IPSP in the otherdendritic and perisomatic inhibitory cells. The axonal
neuron (Figure 4A). In contrast, only 2%±8% of IPSPs
plexus of perisomatic inhibitory cells was very dense
were simultaneous in pyramidal cell pairs (n 5 10) re-
with a lateral extent of 900±1300 mm. Single somatic
corded with similar separations (500±800 mm) but lo-
inhibitory cells possessed 3,000±10,000 terminals in a cated on opposite sides of the cut (Figure 4B). Plotting
450 mm thick slice. With six terminals per connection IPSP time to peak against amplitude revealed that simul-
on average (this study, Han et al., 1993; GulyaÂ s et al., taneous events of perisomatic origin generally had fast
1993; Buhl et al., 1994), each perisomatic inhibitory cell kinetics (Figure 4A). However, simultaneous IPSPs ob-
could contact 500±1650 postsynaptic cells. In general, tained from cells on opposite sides of a cut (Figure
the lateral extent of axonal arbors of dendritic inhibitory 4B) did not have slower kinetics expected for dendritic
cells decreased as terminals shifted from proximal to IPSPs (cf. Figures 1 and 2). These data suggest that
distal apical dendrites. Cells terminating most distally somatic inhibitory cells are largely responsible for the
in stratum lacunosum-moleculare had narrow distribu- barrage of simultaneous IPSPs impinging on nearby py-
tions (300±400 mm), while cells contacting proximal den- ramidal cells. Further, it appears that the frequency of
drites had distributions (up to 1100 mm) similar to those simultaneous IPSPs initiated by divergent dendritic in-
of somatic axons. Dendritic cells established 1500±8000 hibitory cells is extremely low.
terminals and formed, on average, four terminals per
connection (n 5 15; this study; Han et al., 1993; GulyaÂs Control of Postsynaptic Electrogenesis by
et al., 1993; Buhl et al., 1994), suggesting that they may Perisomatic and Dendritic Inhibition
inhibit 400±2000 neurons in a slice. We next searched for potential functional differences
between perisomatic and dendritic inhibitory cells. ItActivity in a single highly divergent inhibitory cell
Figure 4. Perisomatic Inhibitory Cells Are Largely Responsible for Simultaneous IPSPs Impinging on Neighboring Pyramidal Cells
(A) Most IPSPs recorded in nearby pyramidal cells are simultaneous (onset within 1.5 ms). Records made with KCl-filled electrodes from two
pyramidal cells R1 and R2 separated by about 500 mm. A cut from the edge of the slice to stratum lucidum severed axons of somatic inhibitory
cells, but in this case, both cells were recorded on the same side of the cut. IPSPs impinging on one pyramidal cell were captured with a
threshold detection procedure. The inset shows eight consecutive events in R1; for six of them, an IPSP impinged simultaneously in R2. Plot
of amplitude against time to peak for 300 IPSPs in R1. IPSPs that occurred simultaneously with an event in R2 are in black and those with
no simultaneous event are in white. In these cells, 76% of detected IPSPs were simultaneous.
(B) Few simultaneous IPSPs impinge on apical dendrites. Records, R1 and R2, from the same slice but from two different cells on opposite
sides of the cut and separated by about 500 mm. The inset shows eight consecutive IPSPs from R1. For one of them, there was a simultaneous
IPSP in R2. Only 8% of detected IPSPS were simultaneous in both records, and these events did not fall within a circumscribed region of
the IPSP amplitude versus time to peak plot. Records were made in the presence of CNQX (20 mM) and D,L-APV (100 mM).
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seemed possible that somatic and dendritic inhibitory response on other trials (Figure 5B). We found that weak
stimuli in stratum radiatum (n 5 4) evoked IPSPs withinputs might have distinct actions on electrogenesis in
similar slow kinetics (time to peak was 13.5 6 2.3 ms)different membrane regions of target CA3 pyramidal
to those induced by single dendritic inhibitory cells (cf.cells. Pyramidal cells discharge in characteristic bursts
Figure 2A). Weak stimulation in stratum pyramidaleof five to eight spikes at an interval of 5±15 ms (Spencer
(n 5 4) initiated IPSPs with a time to peak of 4.2 6 1.1and Kandel, 1961; Wong and Prince, 1981). The first
ms, similar to that of events generated by perisomaticsodium-dependent spike is generated in the soma or
inhibitory cells (cf. Figure 1A). Further evidence againstaxon initial segment and is succeeded by a depolarizing
a cross-stimulation was obtained in two recordings fromafterpotential (DAP) that initiates the next spike. Spread
inhibitory cells in stratum radiatum. In neither cell didof the somatic depolarization into the dendrites initiates
strong stimulation cause recorded cell to fire (data notslower calcium-mediated action potentials (Wong et al.,
shown). These data suggest that extracellular stimula-1979; Stuart and Sakmann, 1994). If inhibitory inputs
tion activates distinct inhibitory inputs. Further, the ki-control local electrogenesis, then perisomatic IPSPs
netics of IPSPs induced by weak extracellular stimulishould regulate somatic sodium spike generation (Ec-
resembled those induced by single presynaptic cellscles, 1969). In contrast, dendritic inhibitory inputs might
contacting perisomatic or dendritic regions of targetcontrol dendritically generated calcium-dependent ac-
pyramidal cells.tivity (Llinas and Nicholson, 1971; Mitgaard, 1992).
We tested the effects of somatic or dendritic inputsThis hypothesis was tested using data obtained both
activated as in Figure 5 on pyramidal cell activity in-from dual recordings and from experiments using extra-
duced by depolarizing current injected via somatic orcellular stimulation to activate somatic or dendritic in-
dendritic recording electrodes (Figure 6). These experi-hibitory terminals. In several studies, this has been
ments were performed in the presence of CNQX (20achieved simply by stimulating sites in somatic or den-
mM) and D,L-APV (100 mM) to suppress EPSPs. Minimaldritic zones (Lambert and Wilson, 1993; Pearce, 1993).
somatic IPSPs timed to precede repetitive sodiumHowever, our morphological data suggest that cross-
spikes induced by somatic current injections could de-
stimulation of somatic and dendritic inputs might occur.
lay their onset. In addition, minimal IPSPs initiated dur-
For instance, dendrites of perisomatic inhibitory cells
ing CA3 pyramidal cell DAPs were very effective in de-
can project into apical dendritic zones (as in Figure 1C),
laying or suppressing the occurrence of subsequent
and these cells might thus be directly excited. To reduce sodium spikes (n 5 7 cells). IPSPs reversed the DAP,
thepossibility of cross-stimulation,slices were prepared so preventing repolarization toward the threshold for a
with a cut separating apical dendritic regions from soma second and subsequent action potentials (Figure 6A).
and basilar dendrites (Figure 5C) and experiments were For a somatic current injection to initiate dendritic
performed in the presence of CNQX (20 mM) and D,L- calcium spikes, depolarization must spread from soma
APV (100 mM) to suppress excitatory synaptic events. to dendrites and there activate voltage-dependent cal-
Responses to both strong and weak stimulation of cium channels. To examine in isolation the effects of
these two inputs suggested that different inhibitory fi- IPSPs on dendritic electrogenesis, we therefore re-
bers were activated (Figure 5). In records from pyramidal corded from pyramidal cell dendrites at distances of
cell somata (n 5 5), strong stimulation in apical dendritic 80±200 mm from stratum pyramidale. Intradendritic de-
zones evoked biphasic IPSPs with a prominent GABAB polarizing currentpulses typically initiated severalsmall,
component (Figure 5A). In contrast, strong stimulation fast spikes followed by slower, higher amplitude cal-
with an electrode placed in stratum pyramidale induced cium-dependent activity (Figure 6B). Later components
larger IPSPs with a faster time to peak and no late com- of the burst were effectively suppressed by small, but
ponent. We also examined responses to ªminimalº stim- larger than minimal, IPSPs (n 5 8) as shown in Figure
ulation at the same sites. This was achieved by setting 6B. The efficacy of somaticand dendritic IPSPsin count-
ering dendritic electrogenesis was compared in fivestimulus intensity to elicit IPSPs on some trials and no
Figure 5. IPSPs Activated by Stimulation in
Somatic or Apical Dendritic Layers
(A) Differences in IPSPs initiated by maximal
stimulation in stratum pyramidale (somatic)
andstratum radiatum (dendritic). The somatic
IPSP is larger and has an almost monoexpo-
nential decay. The dendritic IPSP is smaller,
slower, and has a pronounced second phase.
(B) Inhibitory responses to ªminimal stimula-
tionº in somatic and dendritic layers. Minimal
stimulation was achieved by setting intensity
to a level where response failures occurred.
Averages (Av, n 5 80) showed the minimal
somatic IPSP had faster kinetics than the
minimal dendritic event.
(C) The recording arrangement. A cut sepa-
rated the site of apical dendritic stimulation
from the stimulation in stratum pyramidale to
reduce cross-stimulation. Records from the
soma of the same pyramidal cell in the pres-
ence of CNQX (20 mM) and D,L-APV (100 mM).
Neuron
820
Figure 6. Differential Control of Pyramidal
Cell Activity by Somatic and Dendritic Inhi-
bition
(A) A perisomatic IPSP can suppress repeti-
tive firing of fast action potentials. Three ac-
tion potentials elicited by current injection
into a pyramidal cell (top). IPSP evoked by
somatic stimulation (middle). When the IPSP
was initiated just after the first spike, subse-
quent spikes were suppressed (lower). A cut
shown in the diagram prevented activation
of apical dendritic inhibitory synapses. Five
superimposed traces are shown.
(B) Dendritic IPSPs can suppress dendrit-
ic generation of calcium-dependent spikes
more effectively than perisomatic IPSPs. Cur-
rent injection into a CA3 pyramidal cell den-
drite elicited a complex burst consisting of
small, fast spikes followed by a slower depo-
larization (top). A dendritic IPSP suppressed
the slow calcium-dependent component of
the potential in 40 of 53 trials. A perisomatic
IPSP, of similar amplitude in the dendritic recording, was effective in 13 of 51 trials. Five superimposed traces are shown. The diagram shows
slice preparation and electrode placement for selective activation of somatic and apical dendritic inhibitory synapses.
In both (A) and (B), excitatory synapses were blocked with CNQX (20 mM) and APV (100 mM).
cells. In these experiments, the intensity of stimulation in Discussion
stratum radiatum was adjusted to consistently suppress
slow presumed calcium-dependent spikes. The inten- This study has demonstrated several physiological and
morphological differences between perisomatic andsity of stimulation in stratum pyramidale was then set
to elicit an IPSP of similar amplitude in the dendritic dendritic inhibition in the CA3 region of the hippocam-
pus. IPSPs initiated by single perisomatic inhibitory cellsrecording (Figure 6B). This implies that the stimulus initi-
ated an IPSP of larger amplitude in the soma. Even so, had faster kinetics (in somatic records) than those
evoked by single dendritic IPSPs. Perisomatic terminalswhile the probability that dendritic IPSPs suppressed
calcium spikes was 0.82 6 0.09, the probability that were larger than dendritic terminals. Terminals of a sin-
gle perisomatic cell were, necessarily, closely spacedsomatic IPSPs of similar amplitude were effective was
0.14 6 0.07 (n 5 5 cells). around the soma of postsynaptic pyramidal cell,
whereas those of a single dendritic inhibitory cell were
distant from each other, often apposed to different post-
Single Perisomatic Inhibitory Cells Can synaptic dendrites. Perisomatic inhibitory cells were ap-
Suppress Repetitive Discharge parently responsible for most simultaneous IPSPs
of Sodium Spikes recorded in nearby CA3 pyramidal cells. Finally, peri-
We asked finally whether IPSPs initiated by a single somatic and dendritic inhibitory cells appear to have
inhibitory cell could modify the discharge of postsynap- distinct actions on postsynaptic electrogenesis. Single
tic pyramidal cells (Figure 7). In 7 of 14 monosynaptic IPSPs initiated by perisomatic inhibitory cellscould sup-
interactions examined, repetitive inhibitory cell firing re- press the repetitive discharge of sodium spikes. In con-
duced the number or delayed the onset of action poten- trast, dendritic inhibitory inputs, but probably not single
tials induced by current injection into a postsynaptic dendritic IPSPs, could suppress the generation of cal-
cell. In five paired records, single IPSPs timed to arrive cium-dependent action potentials in CA3 pyramidal cell
during the pyramidal cell repolarization after a single dendrites.
fast action potential suppressed subsequent discharge Connections made by both dendritic and perisomatic
(Figures 7A and 7C). In three cases, the inhibitory cell inhibitory cells are highly divergent. We estimate that
axon was reconstructed morphologically, and in each single inhibitory cells contact about 1000 postsynaptic
case, it innervated the perisomatic membrane of post- pyramidal cells within a limited zone of innervation. This
synaptic pyramidal cells (Figure 7B). These morphologi- high connectivity implies that single inhibitory cells will
cal data suggest strongly that activation of fibers running initiate IPSPs simultaneously in many pyramidal cells.
in stratum oriens did not contribute to the results ob- Many spontaneous IPSPs occurred synchronously in
tained with minimal stimulation in stratum pyramidale nearby pyramidal cells, in the absence of fast EPSPs.
(Figure 6A). In contrast with these actions on the repeti- However, when slices were prepared to exclude a contri-
tive discharge of sodium-dependent action potentials, bution from perisomatic inhibitory cells, very few IPSPs
we could not demonstrate an influence of a single inhibi- were simultaneous and the kinetics of these events were
tory cell, either perisomatic or dendritically arborizing, not as slow as might be expected for dendritic IPSPs.
on the timing of calcium-dependent action potentials Our dual records showed that IPSPs initiated by den-
induced by somatic depolarization of postsynaptic pyra- dritic inhibitory cells could be detected in pyramidal cell
somata. These data therefore suggest that dendriticallymidal cells.
Somatic and Dendritic IPSPs in the Hippocampus
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Figure 7. Control of Repetitive Pyramidal Cell Firing by Single Perisomatic IPSPs
(A) A single inhibitory cell (1) could block repetitive firing of sodium spikes in a target pyramidal cell (2). Two action potentials elicited by
depolarization of cell 2. An IPSP initiated during the pyramidal cell DAP suppressed the second spike. The second spike was suppressed on
73 of 115 trials and, in the other trials, was delayed by 5±32 ms beyond its mean control latency.
(B) Light and electron microscopy showed the inhibitory cell (1) made three synaptic contacts on the soma of the pyramidal cell (2) at the
sites indicated.
(C) The difference in pyramidal cell membrane repolarization after a single spike is shown in the absence (dotted) and the presence (solid
line) of an IPSP initiated by cell 1 (arrow).
(D) The IPSP initiated by cell 1 is shown in the absence of activity in cell 2.
projecting cells may discharge at considerably lower substantial excitation from CA3 pyramidal cells, and the
delay in the recurrent inhibitory circuit seems to be pre-frequencies than do perisomatic cells. Differences in
ultrastructure of somatic and dendritic synapses may cisely tuned to ensure a sensitive feedback control of
repetitive firing in pyramidal cells. We showed here thatbe significant in this context. Dendritic inhibitory termi-
nals are consistently smaller than perisomatic terminals, single inhibitory cells may exercise an effective control.
However, increased numbers of pyramidal cells firingpossessing smaller active zones and fewer mitochon-
dria. At other classes of synapse, such a difference in would recruit more inhibitory cells and so control any
build-up of excitation via the recurrent excitatory circuitssize is correlated with a reduced probability of transmit-
ter release (Atwood and Marin, 1983; Pierce and Lewin, that link CA3 pyramidal cells. On a rather longer time
scale (tens of ms), IPSPs initiated by one inhibitory cell1994). Consistent with this correlation is the finding that
miniature IPSCs originating from inhibitory terminals on simultaneously in many pyramidal cells can synchronize
their discharges by removing the inactivation of inwarddistal dendrites of hippocampal granule cells occur less
frequently than those initiated close to the soma (Soltesz currents and so initiating simultaneous rebound firing
(Cobb et al., 1995).et al., 1995).
IPSPs initiated both by minimal stimulation of periso- Weak IPSPs initiated by focal stimuli could suppress
calcium-dependent action potentials initiated by intra-matic inhibitory fibers and by single presynaptic inhibi-
tory cells could suppress repetitive firing of sodium dendritic current injections. This effect could not be
replicated by activity in single dendritic or perisomaticspikes. Sodium-dependent action potentials are proba-
bly generated in the axon initial segment of pyramidal inhibitory cells. Thus, summed IPSPs initiated by syn-
chronous activity in multiple dendritic inhibitory cellscells. Both axo-axonal cells that terminate on the initial
segment and basket cells that innervate pyramidal cell may be needed to suppress dendritic calcium spikes.
Such synchronous firing could be initiated either bysomata and very proximal dendrites could control repet-
itive discharges. We found that IPSPs were most effec- strong excitatory inputs or by interactions within a group
of inhibitory cells (Muller and Misgeld, 1990; Michelsontive in suppressing a second or subsequent spikes when
timed at 5±10 ms after one pyramidal cell action poten- and Wong, 1991). It is also notable that single inhibitory
cells did not make closely clustered contacts on thetial. At this latency, they reversed the membrane repolar-
ization leading to repetitive discharge. This timing is same dendritic branch of a postsynaptic cell. This situa-
tion differs from that in the cerebellum where inhibitorysimilar to the delay in the disynaptic recurrent inhibitory
circuit, by which pyramidal cell firing initiates the dis- terminals may be segregated in this way on Purkinje cell
dendrites. It implies single that hippocampal dendriticcharge of an inhibitory cell and thus elicits a recurrent
IPSP (Miles, 1990b). Perisomatic inhibitory cells receive inhibitory cells may exert a weaker control over dendritic
Neuron
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and 10 mM glucose. Both hippocampi were removed, and 450 mmintegration than the ªamputationº of electrical activity in
thick transverse slices were prepared in the same solution using aa Purkinje cell dendritic branch envisaged for cerebellar
vibratome. Slices were maintained in an interface chamber at 358Cinhibitory neurons (Llinas and Nicholson, 1971).
for at least 1 hr before recording. They were incontact with a solution
Dendritic IPSPs were more effective in suppressing containing 128 mM NaCl, 5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2,
the generation of dendritic calcium spikes than periso- 2 mM MgCl2, and 10 mM glucose and with an atmosphere of 5%
CO2, 95% O2.matic IPSPs of similar size, measured dendritically. This
Sharp microelectrodes used for recording contained 4% biocytinsuggests that the localized conductance change in-
(Molecular Probes) in 2 M K-acetate and were bevelled to a resis-duced by an IPSP is more important than the propagat-
tance of 50±80 MV before use. Voltage signals from two inde-ing hyperpolarization due to a distant inhibitory event
pendent electrodes were amplified with an Axoclamp 2B amplifier
in counteracting local electrogenesis (Staley and Mody, operated in current±clamp mode. Synaptic events, either occurring
1992). We could not show that a single presynaptic cell spontaneously or initiated by presynaptic action potentials, were
detected and analyzed as described previously (Miles, 1990a).suppressed the generation of dendritic action poten-
In experiments to examine synaptic interactions between celltials, but the distributed nature of dendritic synaptic
pairs, a recording was first made from an inhibitory cell located atcontacts suggests this may be unlikely. Dendritic IPSPs
either the stratum oriens or lucidum edge of stratum pyramidale.
may also have more subtle actions on dendritic electro- The electrophysiology of the inhibitory cell was examined, and then
genesis. Paradoxically, by removing inactivation, den- a recording was obtained from a pyramidal cell, generally located
dritic inhibition may facilitate the generation of persis- 200±600 mm laterally from the inhibitory cell. The inhibitory cell was
made to fire single action potentials by depolarizing current pulsestent sodium or low threshold calcium currents (Magee
of 0.5 nA injected at 1 or 0.5 Hz. A maintained hyperpolarizingand Johnston, 1995) or assist the somatodendritic prop-
current was injected into the inhibitory cell if needed to prevent firingagation of sodium spikes (Spruston et al., 1995). Den-
between current steps. If no IPSP was apparent in the pyramidal cell,
dritic IPSPs seem likely to shunt EPSPs that impinge the recording was terminated usually within 2 min to avoid staining
on the same dendritic branch. In addition, the location a nonconnected pair of neurons. If an IPSP was evoked, between
of some inhibitory synapses on dendritic spines (Figure 150 and 500 events were collected to characterize the synaptic
interaction and biocytin was then injected (1±2 nA, 400 ms, 1 Hz for3C; GulyaÂs et al., 1993) suggests there may be a selec-
10±20 min) into both cells.tive inhibitory control of events at single excitatory syn-
In some experiments, IPSPs occurring spontaneously in pairs ofapses. pyramidal cells were compared. These records were taken from
Our data therefore suggest that distinct actions of slices prepared with a microcut so that the contribution of periso-
dendritic and perisomatic inhibition may allow differen- matic inhibitory cells to simultaneous pyramidal cell IPSPs could
be determined. To sever axons of perisomatic inhibitory cells, wetial regulation of both input and output for CA3 pyramidal
made a cut orthogonal to the edge of the slice extending to thecells. Perisomatic inhibitory cells limit the repetitive dis-
inner edge of stratum lucidum. The cuts were made in the vibratomecharge of sodium-dependent spikes and so will regulate
using a small blade. These experiments were done in the presence
efferent signaling. In contrast, dendritic inhibition may of CNQX (20 mM) and D,L-APV (100 mM) to suppress fast excitatory
control the efficacy of afferent inputs both by sup- synaptic transmission. Recording electrodes contained 3 M KCl to
pressing the generation of dendritic calcium spikes and shift the IPSP reversal potential (to about 230 mV) and so enhance
IPSP amplitude. Measurements were not taken until at least 15by limiting depolarization due to excitatory synaptic
min after recording was established to allow intracellular chlorideevents (Wigstrom and Gustaffson, 1983; Kullman et al.,
equilibration.1992).
Somatic or apical dendritic inhibitory terminals were selectively
Highly divergent inhibitory axons may influence large activated by extracellular stimulation in some experiments. Two
populations of pyramidal cells. Differential modulation separate tungsten stimulating electrodes were used, one of which
was placed in stratum pyramidale and the other in midstratum radia-of activity in subsets of inhibitory cells may provide an
tum. A microcut terminating in stratum lucidum was made to sepa-economical way to switch between different operational
rate somatic and apical dendritic inhibitory fibers. These experi-states of the hippocampal network (Buzsaki, 1989; Ni-
ments were also made in the presence of CNQX (20 mM) and D,L-
coll, 1994). This requires that different groups of inhibi- APV (100 mM) to suppress fast excitatory synaptic transmission.
tory cells express receptors for and receive innervation In separate experiments, records were made from pyramidal cell
from fibers that release different modulating transmit- somata in stratum pyramidale or from dendrites in stratum radiatum
at distances 80±200 mm from the soma.ters. Indeed, serotoninergic median raphe fibers (Freund
When biocytin-filled cells were to be visualized, slices were fixedet al., 1990) and GABAergic septal afferents (Freund and
overnight in 4% paraformaldehyde, 0.05% glutaraldehyde, and 15%Antal, 1988) innervate distinct subsets of inhibitory cells.
picric acid in 0.1 M phosphate buffer. They were resectioned at 80
Furthermore, different groups of inhibitory cells express mm with a vibratome and freeze±thawed three times above liquid
serotonin (Tecott et al., 1993), nicotine (Hill et al., 1993), nitrogen in 0.1 M phosphate buffer containing 10% glycerol and
15% sucrose. Injected neurons were visualized using the avidin-and metabotropic glutamate receptors (Baude et al.,
biotinylated horseradish peroxidase complex reaction (Vector Labs,1993). Fibers originating in subcortical nuclei, active in
Elite ABC kit) with nickel-intensified 3-39-diaminodbenzidine (Sigma)specific behavioral states, liberate several of these
as chromogen. Axons and dendrites of filled cells were recon-
transmitters. Thus, modulation of activity in groups of structed with a camera lucida from the light microscope (1003 oil
inhibitory cells with different functional roles may medi- objective). Axonal processes of each presynaptic cell were entirely
ate a behavioral control of hippocampal informationpro- traced with each process followed either to its termination or to the
point where it left the slice. Potential synaptic contacts between acessing.
presynaptic axon and a postsynaptic cell were identified in light
microscopy. Material containing potential contacts was reembed-
Experimental Procedures ded and sectioned for electron microscopy. We examined not only
synapses between the labeled presynaptic axon and the labeled
Guinea pigs (150±250 g) were anesthetized with choral hydrate and postsynaptic cell, but also those made with unlabeled postsynaptic
perfused through the heart with an ice-cold solution containing 2 elements to determine whether junctions weresymmetrical or asym-
metrical.mM KCl, 26 mM NaHCO3, 1 mM CaCl2, 5 mM MgCl2, 128 mM sucrose,
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